In ion-pair extractive separation of metal cations using a complexation reagent and a counter anion, use of a higher selective complexation reagent is one of the most important factors to realize their mutual separation. 1 Therefore, development of new selective complexation reagent and investigations about the effect of steric structure around donor atoms in the reagent on the ion recognition ability (extraction selectivity) are very important for improving the mutual separation. 2 Earlier, we studied the nature of neutral di-Schiff base ligands having two 2-pyridyl pendant arms, N,N′-bis(2-pyridylmethylidene)-1,2-diiminoethane (BPIE) [3] [4] [5] [6] and its analogues, as complexation reagents for the ion-pair extraction of divalent metal cations into nitrobenzene with picrate anion. 7 These ligands acted as bidentate ones using two imine-N donor atoms in the extraction system, and 2-pyridyl pendant arms acted mainly to raise the hydrophobicity of the ligand and the extractability of the complexes. Furthermore, it was found that the extraction selectivity and extractability can be controlled by introduction of substituents near the imine-N donor atoms. In these extraction systems, in addition, relatively high extraction selectivity for Cu 2+ was obtained. In this research, we investigated the effects of pendant arms in the Schiff base ligands and of distance between the two imine-N donor atoms on the extractability and the ion-pair extraction selectivity; BPIE was used as a model compound. Two BPIE analogues, N,N′-bis(2-quinolylmethylidene)-1,2-diiminoethane (BQIE) having 2-quinolyl groups as pendant arms and N,N′-bis(2-pyridylmethylidene)-1,3-diimino-2,2-dimethylpropane (BPMP) 8 (see Fig. 1 ) having relatively long distance between two imine-N atoms, were used for the investigation. The pendant arms affected the lipophilicity of ligand to nitrobenzene, whereas the distance between the imine-N atoms was a factor in controlling the extraction selectivity. Consequently, the relative selectivity of Cu 2+ in BPMP-NaPic system was higher than that of BPIE-NaPic system due to the suitable distance for complexation of Cu 2+ . From these viewpoints, it was found that another BPIE analogue, N,N′- bis(2-quinolylmethylidene)-1,3-diimino-2,2-dimethylpropane (BQMP) (see Fig. 1 ), can be used for selective extraction of Cu 2+ from other divalent cations.
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Experimental

Apparatus
A Hitachi Model Z-6100 polarized Zeeman atomic absorption spectrophotometer was used for the determination of the concentration of a metal in aqueous solution. A Shimadzu Model UV-160 UV/VIS spectrophotometer with 1.0 cm quartz cell was used for the measurement of absorption spectra. A Horiba Model F-12 pH meter equipped with a Horiba 9610-10D combined glass electrode was used to determine the pH values.
Reagents
BPMP was synthesized as follows: To a 2-propanol solution of 2-pyridinecarboxaldehyde (6.4 g, 0.06 mol) was added slowly 2,2-dimethyl-1,3-propanediamine (3.1 g, 0.03 mol) in 2-propanol. After the mixture was stirred gently for 24 h and the 2-propanol was removed by rotary evaporation, an orangeyellow residual liquid product was obtained. This was crystallized by rubbing with a glass rod. The yellow product was washed with cold 2-propanol. Yield, 64%. 
Acid dissociation and distribution of ligands 7
Acid dissociation constants (Kai) and nitrobenzene-water distribution constants (KD) of the ligands were determined as follows: a 5 cm 3 amount of organic phase containing 1 × 10 -4 mol dm -3 of a ligand was equilibrated with a 5 cm 3 amount of aqueous phase containing 1 × 10 -1 mol dm -3 of sodium chloride and 1 × 10 -2 mol dm -3 of the buffer [chloroacetic acid, acetic acid or 2-(N-morpholino)ethanesulfonic acid (MES)] by shaking for 1 h. After centrifugation, the ligand that remained in the organic phase was recovered as charged species by shaking with 5 × 10 -1 mol dm -3 of sulfuric acid for 1 h. The recovered ligand was determined spectrophotometrically after washing the sulfuric acid phase with o-dichlorobenzene for 15 min, and its distribution ratio (DL) was calculated. The values of pKai and log KD were determined from the log DL vs. pH plot by using a nonlinear least squares fitting method.
Distribution of the metal cations
The distribution of metal cations was studied as follows: in a centrifuge tube, an aliquot of nitrobenzene (5 cm 3 ) containing 1 × 10 -3 mol dm -3 of a ligand and an equal volume of an aqueous phase containing 1 × 10 -5 -1 × 10 -4 mol dm -3 of M 2+ (M = Mn, Co, Ni, Cu, Zn, Cd or Pb), 1 × 10 -3 mol dm -3 of sodium picrate (NaPic) as ion-pair reagent, 1 × 10 -1 mol dm -3 of potassium nitrate and 1 × 10 -2 mol dm -3 of buffer (chloroacetic acid, acetic acid or MES) that had no influence on the extraction, were shaken at 25 ± 1˚C for 1 h (all of the extraction was equilibrated within 30 min). After the two phases were separated by centrifugation, the pH and the metal concentration in the aqueous phase were determined and the measured pH was used as the equilibrated pH. The metal concentration in the organic phase was determined after back-extraction with 1 mol dm -3 nitric acid.
Results and Discussion
Acid dissociation and distribution of ligands BQIE, BPMP and BQMP, as well as BPIE, have four nitrogen atoms which can be protonated. Therefore, the following acid dissociation equilibria in aqueous phase must be considered:
1352 ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 where L and Kai designate a ligand and i-th acid dissociation constant for L, respectively. In this case, the distribution ratio of L (DL) between nitrobenzene and aqueous phases at fixed pH is shown as follows: 
where subscript o means the organic phase and KD designates the distribution constant of L defined as follows:
Therefore, the non-linear least-squares fitting method is applicable to a log DL vs. pH plot for the determination of pKai and log KD. Figure 2 shows the plot and the fitting curve. Since pKa1, pKa2 and pKa3 values were very low, these values hardly affected the distribution of L. The obtained values of pKa4 and log KD were 2.26 and 1.38 for BQIE, 3.77 and 1.00 for BPMP and 2.68 and 1.79 for BQMP. The obtained pKa4 value of BPMP is the almost same as that of BPIE (pKa4 = 3.82), 7 and those of BQIE and BQMP are lower than those of BPIE and BPMP, respectively. Namely, the basicity of imine-N atom in BQIE and BQMP was decreased compared with the basicity in their 2-pyridyl analogues. This result suggests lower complexation abilities of BQIE and BQMP than those of BPIE and BPMP. In addition, the higher log KD values for BQIE and BQMP compared with those of BPIE (log KD = 0.98) 7 and BPMP are obviously caused by their high hydrophobicity based on 2-quinolyl groups.
Distribution of the metal cations
The extracted ratio (%E) for some divalent metal cations into nitrobenzene with BPIE-, 7 BQIE-, BPMP-8 and BQMP-NaPic systems is plotted as a function of the equilibrated pH in Fig. 3 , and half-extraction pH values (pH1/2) are given in Table 1 . The %E became constant with shaking for more than 30 min. The extraction curves were not changed with changing the initial concentration of M 2+ . Thus, it was confirmed that the dimerization and the dissociation of extracted mononuclear complex and the formation of polynuclear complex are negligible in these systems, as reported previously. 7 As shown in Fig. 3 , the apparent extractability of BPMPNaPic system is higher than that of BPIE-NaPic system. Furthermore, many metal cations such as Cd and Pb 2+ showed extraction curves similar to each other. On the contrary, BQIE-and BQMP-NaPic systems showed remarkably low extractability. In BQMP-NaPic system, particularly, only Cu 2+ can be extracted quantitatively.
Extracted species
The extraction equilibrium in BQIE, BPMP and BQMP systems seems to be same as that in BPIE system. 7 When the dissociation of extracted species is negligible, the extraction equilibrium of M 2+ in L-NaPic system can be described as follows:
In this case, the distribution ratio of M 2+ (D) is described as follows: where C0(L) and C(NaPic) are the initial concentration of L in organic phase and that of NaPic in aqueous phase, respectively. Therefore, the plot of log D vs. log C0(L) at fixed pH and C (NaPic) is expected to give a straight line, and n can be determined from the slope of the line. Figure 4 shows examples of the plot of log D vs. log C0(L). The determined composition of the extracted species (obtained n values) and log Kex values are shown in Table 2 , with those in BPIE-NaPic system. 7 Only in the case of Cu 2+ in BPMP-NaPic system, n = 1 was obtained. This specific result suggests that BPMP acts as normal pyridine-N-imine-N-imine-N-pyridine-N quadridentate ligand exceptionally in the extraction of Cu 2+ . 8 In BQMP-NaPic system, to the contrary, n = 2 was obtained in the case of Cu
2+
. This result is discussed below.
Structural control of ligands
Effect of pendant arms. As shown in Fig. 3 , the extractability of BQIE was decreased compared with that of BPIE. Since polarity of 2-quinolyl groups is lower than that of 2-pyridyl groups, it is considered that relatively low lipophilicity of BQIE to nitrobenzene resulted in its low extractability. This hypothesis can be supported by the fact that almost no metal cations were extracted by using ligand having non-polar phenyl groups as pendant arms (the data are not shown here). In addition, extraction selectivity of BQIE-NaPic system was very similar to that of BPIE-NaPic system. Namely, these results suggested that modification of the pendant arms does not bring on any change in extraction selectivity but only in extractability, which originates from the difference of lipophilicity to nitrobenzene. Effect of distance between two imine-N donor atoms. As shown in Fig. 3 , it was found that quantitative extraction of metal cations except for Mn 2+ was achieved in BPMP-NaPic system. It was considered that the trimethylene backbone is a suitable spacer to form N-M 2+ -N chelate ring and has flexibility for fitting to any metal cations on the complexation. 8 Furthermore, as shown in Table 1 , the pH1/2 value of Cu 2+ was far from the pH1/2 values of the other metals (pH1/2-pH1/2(Cu 2+ ) > 3.5). The distance between the donors in BPMP is suitable for selective extraction of Cu 2+ from the other cations. In addition, the 1:1 complex with Cu 2+ in BPMP-NaPic system seems to be more stable than 1:2 complex.
BQMP is another analogue of BPIE having both 2-quinolyl pendant arms and trimethylene backbone structure; BQMP is expected to have not only similar extraction selectivity to BPMP but also lower extractability than BPMP. In BQMPNaPic system as shown in Fig. 3 , only Cu 2+ was extracted selectively. This result corresponds to the expectation, provided that n = 2 was obtained in the extraction of Cu
2+
. In BPMPNaPic system, as mentioned above, 1:1 complex with Cu 2+ is more stable than 1:2 in nitrobenzene. In BQMP-NaPic system, on the contrary, the stability order seems to be reversed because of the relatively low lipophilicity of the 2-quinolyl pendant arms. In addition, the bulky 2-quinolyl pendant arms seem to result in steric inhibition on the 1:1 complex formation to some extent.
Nevertheless, the high selectivity for Cu 2+ was maintained, and mutual separation for Cu 2+ from divalent metal cations can be achieved in the BQMP-NaPic system over a wide pH region. 
